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INFLUENCE OF SKETCHING INSTRUCTION ON DESIGN COGNITION

Influence of Sketching Instruction on Elementary Students’ Design
Cognition: A Study of Three Sketching Approaches
When teaching engineering design, sketching is a key element of design thinking that
facilitates connection of hands and minds. As engineers use various graphical
illustrations to conceptualize, communicate, and record design ideas, students make
sketches to develop their design ideas. However, sketching instructions in engineering
education often highly focus on technical drawing rather than strategic sketching. The
study made three observations of sketching instructions from fourth-grade elementary
science classrooms with two different sketching strategies and one control. The first
group was instructed with effective uses of schematic symbols, the second group was
introduced to a 2D template that showed the layout of the design product, and the third
group was the control group. The study captured students’ design processes using video
and audio records and sketching outcomes. The results showed that teaching young
students the strategic use of schematic symbols helped generate high-quality design
sketches and effective design cognition. The group that used a 2D layout also produced
quality design sketches and more diverse design strategies compared to the control
group. The results can inform science and engineering educators that sketching
instruction for young students must shift to facilitating design thinking in order to
eliminate cognitive overload in sketching.
Keywords: design sketch; elementary/primary education; technology education; thinkaloud protocol; design cognition

Contribution of this paper to the literature
● This study investigated the influence of sketching instruction on students’ design
cognition within elementary science classrooms using a quasi-experimental research
design.
● The study confirmed that sketching instruction using schematic symbols yielded a
high number of iterations between the designing and modeling strategies.
● The results inform greater engineering and technology education communities that
sketching instruction for young students should focus on eliminating mental overload
and providing appropriate cognitive scaffolding.
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Introduction
The engineering design approach has been positioned as an important area in United States
science education (National Research Council 2009; 2012). The Next Generation Science
Standards (NGSS) feature the engineering design approach as a key strategy to facilitate
students’ science learning (NGSS Lead State 2013) and demonstrate that K-12 science and
engineering education need to focus on practical applications of scientific knowledge into the
engineering design process (NRC 2012). When adopting the engineering design approach to
young students, sketching not only has a great implication that improves the efficiency of
science learning through engineering design but also extends students’ cognitive capabilities
(Ainsworth, Prain, and Tytler 2011). As scientists use drawings to illustrate investigations or
findings from lab work of field observations, engineers use various graphical illustrations to
conceptualize, communicate, and record design ideas (Suwa, Purcell and Gero 1998; Ullman,
Wood, and Craig 1990). If the goal of engineering education for young learners is to solve
problems like an engineer, teaching effective sketching skills should be taken into
consideration in engineering education (Lachapelle and Cunningham 2014). However,
despite the strong consensus that science education needs to incorporate the engineering
design approach, the practice of engineering is new to many science educators (Guzey et al.
2017).
Some researchers argue that sketching is an engineering language used to represent mental
ideas and human cognition (Dym et al. 2005). In the practice of engineering, engineers use
sketching strategies not only to translate mental design ideas into graphical displays but also
to create new ideas which may not exist prior to drawing (Goldschmidt 1991). Since
engineers’ initial design ideas are often not fully developed, sketching plays an important role
as a way to crystallize amorphous design ideas into visible design artifacts; this
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externalization often leads designers to reinterpret graphic images, which facilitates the key
cognitive skill of graphical reasoning.
Understanding the cognitive advantages of sketching helps science and engineering educators
to better implement design-based science lessons. When people face a problem, they often
inattentively doodle, sketch, and make notes (Goldschmidt and Smolkov 2006). Since the
mind and hands are closely connected, educators need to highlight visualization skills to
effectively share and develop design ideas in engineering classrooms (Fish and Scrivenger
1990; Weber and Sansone 2016). In this perspective, the researchers claim that science and
engineering educators need to develop students' graphical representation abilities to facilitate
their learning.
Traditional K-12 science and engineering education, nonetheless, have shifted their curricular
focus away from the strategic use of sketching to support human cognition. Most engineering
education textbooks tend to highlight sketching techniques—accurate lines and shapes,
symbols, isometric drawing, and parametric modeling—rather than examining why and how
designers use sketching practices (Hayes, Symington, and Martin 1994). Kelley and Wicklein
(2009) also claimed that secondary engineering and technology educators highly focused on
technical drawing skills such as CAD or sketching rules with less emphasis on sketching
strategies. Thus, engineering students often struggle with the lack of strategic sketching
abilities when performing engineering design projects (Welch 1998).
Upon the arguments, the researchers examined how sketching instructions influence the
quality of sketching products as well as students’ design cognition.

Research Questions
1. How do sketching instructions influence the quality of children’s design sketches
in engineering design?
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2. How do sketching instructions relate to children’s cognitive strategies in
engineering design?

Literature review
Sketching in Engineering Design
Engineering design studies have investigated why engineers sketch during the design process.
Some researchers posed the question, ‘Why do designers sketch?’, and explained that
sketching has two basic operations: externalizing and internalizing design ideas (Tversky et
al. 2003). Designers draw sketches when they have design ideas in mind even if the idea is
not yet fully conceptualized, and designing sometimes begins with scribbling, noting, or
drawing in a design notebook (Goldschmidt 1991). Sketching allows designers to externalize
internal ideas in a visual form, so designers use drawings not only for data representation but
also as an essential part of the design process (Ullman, Wood, and Craig 1990).
Sketching also helps designers avoid cognitive overload. Goldschmidt (2014) explained that
in the early stage of designing, designers often start sketching to externalize mental images
which enable them to build a rapid mental prototype as sketches. Cross (2001) noted that
expert designers used both breadth- and depth-thinking strategies simultaneously. However,
novice designers simply traded back and forth between breadth and depth thinking and often
privileged the depth of their work due to cognitive overload. Experienced designers’
cognitive structures are accustomed to negotiating multiple problem-solving strategies;
therefore, they can promptly handle multiple pieces of information at the same time. Novice
designers lack this cognitive sophistication. Goldschmidt (1991) found that expert designers
take additional design iterations between ideation and sketching than novice designers. This
statement may imply that expert designers utilize the sketching strategy as a part of ideation
that helps overcome cognitive overload.
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The ambiguity of the initial design phase is a source of creativity, where sketching plays a
crucial role to produce innovative design ideas (Buchanan 1992; Tversky et al. 2003). In the
process of developing a design solution, sketching helps shape the design ideas and gives a
form of visible products (Brereton 2004; Dorst and Cross 2001). Therefore, sketching as a
process of engineering design plays a significant role in the creative design process that
amplifies imagination and guides to the formalization of amorphous design ideas into feasible
design solutions (Kolko 2010; Tversky and Suwa 2009).

Sketching in science and engineering learning
Many studies have demonstrated the importance of sketching in science and engineering
education and indicated that sketching enhances graphic-based reasoning and scientific
exploration (Fish and Scrivener 1990; Purcell and Gero 1998; Römer, Leinert, and Sachse
2000; Suwa and Tversky 1997). Since visualization is an integral part of science and
engineering education, many scientists and engineers rely on graphical illustrations, such as
graphs, diagrams, and freehand sketching, to visualize plans, new methods, phenomena, and
findings (NGSS Lead State 2013). Likewise, learning sketching strategies enable students to
externalize mental concepts, so science students need to learn effective sketching strategies in
order to promote scientific explorations and investigations (Gilbert 2005; Hearnshaw 1994).
Ainsworth et al. (2011) also argued that sketching practice improves science learning by
representing scientific concepts in multiple ways that promote graphical reasoning and
communications.
As many researchers have remarked, sketching plays a mediating role in the externalization
of mental images based on graphical reasoning (Hope 2008; Ullman, Wood, and Craig 1990).
Sketching practice facilitates children’s visual thinking, which supports them to construct and
develop knowledge in effective ways. Moreover, learning scientific concepts with sketching
helps learners not only collect relevant data but also draw logical inferences from them
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(Brooks 2009; Scheiter, Schleinschok, and Ainsworth 2017). Thus, learning strategic ways to
produce effective visual representations is a critical accomplishment for young children
(Hope 2008).
However, science and engineering educators are often not likely to support their students to
draw their graphical illustrations; instead, they tend to encourage them to interpret given data
for scientific explorations. Lane and Seery (2009) claimed that the initial design ideas should
be expressed through a rough and/or conceptual design rather than the concrete design by
CAD drawings. They argued that although physical modeling is essential for prototyping,
engineers should have freehand sketching skills that foster creativity in designing. However,
most engineering curricula showed a decrease in engineering graphics subjects in class hours;
as a result, a number of engineering students in the U.S. graduate with some computer-aided
design (CAD) experience, but rarely have strong sketching abilities (Sanjuán, Robles, and
Tubío 2014; Yang and Cham 2007).

Sketching as a cognitive facilitator
Previous researchers have identified that a child’s drawing performance reflected the child’s
cognitive competence (Farah 1984; Kosslyn 2010; Piaget and Inhelder 1956; Roncato et al.
1987; Sommers 1989). Some researchers have used drawing tests to capture children’s
cognitive understanding of target themes such as Draw-A-Scientist or Draw-An-Engineer
tests (Capobianco et al. 2011; Chambers 1983). Piaget also argued that children’s drawing
reflected their cognitive competence (Piaget and Inhelder 1956). Papandreou (2014) found
that drawing is a metric of cognitive development that reveals one’s sociocultural contexts.
He examined the relationship between drawing and cognitive development during early
childhood and identified that drawing significantly influences children’s learning. Cherney el
al (2006) also posited that children’s drawings provide a mirror of their representational
development. Upon this perspective, many educators claim that sketching practice helps
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young students to develop cognitive abilities and that sketching activities are cognitive
processes that guide creations, uses, and interpretations of external representation to facilitate
visual reasoning (Brooks 2009; Suwa and Tversky 1997).
Design sketching has significant implications in K-12 science and engineering education.
Cross (1982) suggested that design is a valuable component of general education. He claimed
that general education should not only sustain students’ cognitive development but also have
both intrinsic and extrinsic values. Sketching allows students to overcome cognitive overload
by externalizing internalized (i.e., intrinsic) images in the form of graphics. Accordingly, the
extrinsic value of sketching is that it promotes the generation, communication, and
exploration of creative ideas in science and engineering education.

Research method
Context of the study
The study was conducted in a Midwest suburban school district as a part of National Science
Foundation (NSF) MSP titled Science Learning through Engineering Design (SLED, Award
No: 0962840). The SLED project aimed to improve elementary fourth grade students’
science learning through an engineering design approach. The SLED project developed an
engineering design activity, titled the Door Alarm, to facilitate students’ understanding of
electricity concepts. The SLED research team recruited local elementary teachers and
provided a two-week long professional development program prior to implementation. The
professional development delivered the basic concepts of scientific inquiry as well as the
engineering design process.

Research Design
This research used a quasi-experimental design. The quasi-experimental design has multiple
groups of subjects, but the subjects are not randomly assigned to the treatment groups (Ary et
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al. 2014). The SLED researchers observed three classrooms that teach engineering design
using different sketching strategies as shown in Figure 1.

Group

Intervention

Schematic

Sketching instruction

2D Layout

2D layout template

Control

No intervention

Lesson
Implementation

→

Door Alarm
design activity

Data Collection
(Think-Aloud Session)

→

Doggie Door Alarm
design activity

Figure 1. Research design overview

The first classroom, called the Schematic group, received a special instruction focused on
sketching strategies by a researcher. When instructing the sketching strategies, the researcher
highlighted the strategic aspect of sketching that was not step-by-step techniques but rather a
way to communicate with one’s mental ideas and others. The students learned that the core
feature of sketching is to communicate design ideas effectively by showing various sketching
examples to deliver why and how engineers practice sketching. For example, the instruction
showed Thomas Edison’s design sketch to highlight the importance of labelling sketches.
Thomas Edison’s labels indicated the material specifications of the light bulb with simple and
short notations. This sketching lesson emphasized the use of schematic symbols and labels as
an authentic practice of engineering as well as useful tools for both individual and group
work. After the design sketching instruction, the researchers provided the classroom teacher
with a laminated card to use during lesson implementation (see Figure 2).
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Figure 2. Individual design sketch discussion strategies

The key strategies presented to the Schematic group were as follows:
•

Strategy 1: Teach the role of sketching as a way of design thinking and provide
examples of professional design sketches.

•

Strategy 2: Teach students to use symbols when possible, such as electronic
schematic symbols or a key of symbols

•

Strategy 3: Ask students questions for their sketches to promote design discussions
and help them refine their design ideas.

The second group, called the 2D Layout group, was one of the SLED partner classrooms.
This group teacher provided the students with a 2D layout of the physical product by
unfolding a box (see Figure 3). The teacher recognized that most young students are
challenged with handling 3D objects in the drawing and making (see Figures 4 and 5). The
Figure 5 shows that the student added additional annotations on 3D drawing to clarify the
dimensions of each angle and drew electric circuits and symbols as 2D symbols. This
sketching practice not only makes the sketch looks complicated but also requires cognitive
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demands to draw a 2D circuit on the 3D sketch. To unravel this issue, the classroom teacher
adopted the 2D layout template to help the students disentangle the circuit design from 3D
drawing. The teacher used the 2D layout template to draw electric circuit diagrams prior to
folding and constructing the 3D box prototype.

Figure 3. 2D Layout group template

Figure 4. Design example-front view

INFLUENCE OF SKETCHING INSTRUCTION ON DESIGN COGNITION

Figure 5. Design example of circuit drawing on a three-dimensional sketch

The third, control group classroom students were provided with the engineering design lesson
only to compare the influence of sketching instruction on the students’ design behaviours.
After the study, the researchers provided schematic sketching instruction to this group for
their final SLED lesson.

Participants
The participants in the study were 27 fourth-grade elementary students from nine classrooms.
The research was conducted in three elementary schools located in the same suburban school
district near a public research university. The demographics of the school district were 74.7%
White, 14.4% Hispanic, 3.1% Asian, 3.9% Black, 3.7% Multiracial, and 0.2% others. The
participants’ teachers have attended the SLED summer institute where they were trained with
basic concepts of engineering design.
The researchers used the criterion sampling method to recruit the participants (Gall, Gall, and
Borg 2007). The researchers requested the participant classroom teachers to select each of
three students who: a) were able to express themselves verbally, b) showed a regular
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classroom performance in the Door Alarm design task, c) were willing to participate in this
video-recorded research study, and d) returned the parent consent form to participate in this
study. The participant demographics, which were representative of the school demographics,
are displayed in Table 1. Before the Door Alarm lessons, all groups of students have not
taken any design sketching lessons as part of their regular school curriculum.
Table 1. Participant Demographics
Gender

Ethnicity

Group

Male

Female

White

Hispanic

Asian

Black

Multi-racial

Schematic

3

3

5

0

1

0

0

2-D Layout

4

2

4

2

0

0

0

Control

9

6

9

2

2

1

1

Total

16

11

18

4

3

1

1

Lesson Implementation
The SLED research team developed the Door Alarm lessons, and the partner teachers
delivered them to their students in the 2014-15 academic year. The lesson featured the
science concepts of electricity and electrical circuits. The lesson objectives were: 1)
Understand how electricity flows through a circuit; 2) explain how different materials affect
the flow of electricity in a circuit; 3) design a circuit that will activate a door alarm when it is
opened. The lessons were aligned with Indiana State Academic Standards for Science
(Indiana State Department of Education 2010): ‘Construct a complete circuit through which
an electrical current can pass as evidenced by the lighting of a bulb or ringing of a bell’ (p. 4).
The lessons consisted of four sessions shown in Table 2. The first session was presenting the
concepts of electrical current and electricity. Teachers began with a class discussion with the
following guiding questions, ‘What is electricity?’ ‘What is an electrical current?’ and
‘Where does electricity come from?’ Then, the teacher asked the students to act out a circuit
in groups of three to four. Each student had a role of an electronic part such as a battery,
switch, or lightbulb. The second lesson objective was to create a simple circuit. The teacher
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distributed electronic materials including two pieces of wire, a light bulb, a switch, and a
battery. The students designed an electric circuit to turn on a light bulb. The third lesson was
to design a door alarm system by designing a simple circuit. Then, the teacher presented the
Door Alarm design task presented in Appendixes A. The design task asked students to design
an electric door alarm prototype using the concepts of open and closed circuits.
Table 2. Door alarm lesson plan
Session
1

Guiding Question
What is an electrical circuit?

Time
30 minutes

Content
Electricity, current, source of
electricity

2

How does one create a simple

30 minutes

circuit?
3

How does one design a door

mechanism of an electric bulb
60 minutes

alarm with a simple circuit?
4

How does one develop a door

Elements of a closed-circuit,

Define a problem, drawing a
circuit

120 minutes Design process, prototyping

alarm model?
Many of elementary teachers and students are often challenged by the invisible characteristic
of electricity (e.g., the flow of electrons is not visible) (Jarvis and Pell 2004; Mulholland and
Wallace 2005). The physical design of this task included creating a physical mechanism of a
door open and close, circuit connections, and a switching device for the circuit. Meanwhile,
the electrical design contains designing a closed circuit using a battery, wires, a speaker, and
an aluminium foil. To add complexity to the electrical circuit design, the lesson developers
designed to create a closed-circuit when the door opens. This contradictory condition makes
the design solution difficult for students to understand.
The study focused on examining when students use sketching as a cognitive tool, and
whether the sketching lesson helped the students overcome these cognitive challenges. These
physical and electrical design features often bewilder young student while designing the
elusive design criteria. The researchers identified this cognitive challenge and theorized that
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sketching could help students navigate through these design issues via the visualization of
idea development.

Research Instrument: Transfer Problem
To measure how knowledge and skills are transferred from the learning context into a realworld problem, the SLED research team created a new design task called the Transfer
Problem. The transfer problem features the same science concepts and a different design
context. As presented in Appendixes B, the Doggy Door Alarm stipulates that Grandma wants
to know when her dog is going outside. The design brief asks students to design a door alarm
that sounds when the doggie door opens. The transfer problem was used for the data
collection.

Data Collection
To address the research goals, this study used a triangulation strategy based on the three data
collection approaches: sketching products, Concurrent Think-Aloud (CTA) protocol, and
sequential analysis (see Figure 6).
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Figure 6. Data collection triangulation strategy

The researchers utilized the CTA protocol technique as a primary data collection method
(Atman and Bursic 1998). Three CTA sessions were collected during the 2014-15 academic
year at the three SLED partner schools. Once the SLED partner teachers implemented the
Door Alarm lessons, the researchers scheduled the CTA data collection. The CTA sessions
took place in an empty classroom arranged by the researchers. Before starting the CTA
sessions, the researchers provided each student triad with a brief introduction of the CTA
method and the participants were asked to verbalize their thought processes (Ericsson and
Simon 1993; van Someren, Barnard, and Sandberg 1994). The researchers distributed a copy
of the Doggy Door Alarm design problem, a pencil, and a piece of blank paper to each
student. While the students engaged in the collaborative design task, the researchers avoided
interrupting their dialogues; however, when the triads stopped speaking, the researchers
encouraged them to keep talking (Ericsson and Simon 1993). The researchers also asked the
participants to use the provided blank paper to draw their design ideas. After the triads
finished the design session, the researchers collected the video, audio, and sketch papers as
primary data sources.

Data Analysis
Sketch Assessment
The researchers assessed the participants’ design sketches produced throughout the CTA
session. The researchers developed a design quality rubric of four criteria: conciseness,
concreteness, accuracy, and practicality with a scale of 1-5, where 1 is not evident and 5 is
excellent (see Table 3). The development of rubric was guided by Kelley’s Engineering
Design Notebook Guidelines (2011) and Goldschmidt and Smolkov’ design quality measure
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(2006). Two judges independently assessed each design sketch using the rubric. Both the two
judges majored in engineering and technology education and have more than 9 years of
teaching experience in K-12 and university level engineering and technology education. To
assess interrater agreement between the two judges, the study adopted the Intra-Class
Correlation (ICC) method. The ICC method is a measure for the magnitude of the agreement
to compute inter-rater agreement estimates (Landers 2015). The researchers ran an ICC
statistic using an ICC one-way model of using the IRR 0.84 package in R software, and the
test yielded a .738 consistency which is referred good ranges of reliability (Cicchetti 1994)
with a significant level of agreement (F = 6.65, p < 0.05). Upon the good reliability range,
this study used the average scores of two judges for the final sketch scores. Due to the limited
sample size, the researchers adopted Kruskal-Wallis H test, a non-parametric rank-based
statistic, to determine if there are significant differences between three groups (Breslow
1970).
Table 3. Design sketch quality rubric
Criteria

Excellent
(5)
Conciseness -Drawing is
well organized
and clear
enough for
someone else
to understand
the design
ideas.
Concreteness -Identifies full
details of
design ideas.

Accuracy

Advanced
(4)
-Drawing
shows design
ideas but
requires effort
to understand.

Moderate
(3)
-Drawing
shows some
sense of
design ideas
but contains
unnecessary
graphics.

Developing
(2)
-Identifies
design ideas
but contains
many
irrelevant
design ideas.

Not Evident
(1)
-Drawing
contains many
irrelevant
graphics and
annotations
are wordy.

-Identifies
most details of
design ideas,
but a few are
missing.
-Fully meets
-Meets most
the client’s
of the client’s
needs, criteria, needs.

-Identifies
some details
of design
ideas.

-Identifies few -Does not
details of
show details
design ideas.
of design
ideas.

-Meets some
of the client’s
needs.

-Meets a few
of the client’s
needs.

-Does not
address the
client’s needs.
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Practicality

and
constraints.
-Shows fully
working open
and closed
circuits.
-Fully
considers
prototyping
materials,
tools, and
their technical
capacities.

-Shows open
and closed
circuits, but
no working
mechanism.

-Shows open
and closed
circuit, but
some
elements are
missing.
-Appropriately
-Moderately
considers
considers
given
given
materials,
materials,
tools, and their tools, and
technical
their technical
capacities.
capacities.

-Shows
circuits, but
not open or
closed
circuits.

-Does not
show the
completed
circuit.

-Limited
consideration
of given
materials,
tools, and
their technical
capacities.

-Does not
consider
materials,
tools, and
their technical
capacities.

Concurrent Think-Aloud
The researchers adopted Halfin’s codes (1973) to analyze the cognitive strategies used in the
CTA sessions. Halfin identified 17 cognitive strategies frequently utilized by successful
scientists and engineers. Halfin’s codes were confirmed by his Delphi study, and many
engineering and technology studies have adopted Halfin’s codes to investigate cognitive
strategies (Hill 1997; Kelley 2008; Kelley and Sung 2017a). Among Halfin’s 17 codes, the
researchers identified the seven most-frequently-used codes during the SLED CTA data
analyses. The seven codes are shown in Table 4. In the previous studies, the researchers
confirmed that Halfin’s codes are best to capture various cognitive activities while other
think-aloud codes are designed to detect the engineering design process.
Table 4. Seven of Halfin's (1973) cognitive strategies
Cognitive
Strategy
(Code)
Defining
problem(s)
(DF)
Analyzing
(AN)

Description

CTA session excerpt

The process of stating or defining a
problem which will enhance the
investigation leading to an optimal
solution.
The process of identifying, isolating,
or breaking down for clarifying the
basic components of the problem.

The criteria say we don’t have to
make the switch but need to use it to
work.
We have to know which materials we
can use to solve this problem.
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Predicting
(PR)

Questions
(QH)
Designing
(DE)
Managing
(MA)
Modeling
(MO)

The process of prophesying or
foretelling something in advance;
anticipating the future based on
special knowledge.
The process of asking, interrogating,
challenging, or seeking answers
related to the problem.
The process of conceiving, creating,
inventing, contriving, or planning.
The process of planning, organizing,
directing, coordinating, and
controlling the design session.
The process of presenting ideas
graphically in the form of a sketch,
diagram, or equation.

When the door opens, the wire will
go up.

How does this wire connect to the
other side of the battery?
Doggy door is here and we can have
a copper here or something like a
metal plate.
So, we could use some of our ideas
and put into your sketch and my
sketch.
Let’s draw the background
framework we used in the classroom.

Sequential Analysis
The researchers used the sequential analysis technique to identify how the drawing
behaviours interacted with other cognitive strategies. Bakeman and Gottman (1986)
introduced the sequential analysis method to detect patterns of interactions between people or
mental sequences with statistical significances. In this study, the researchers focused on
identifying which cognitive strategies are related to the sketching strategy by measuring
which strategies happened before and after sketching. The rule of thumb for the statistical
calculation for sequential analysis requires at least 30 individual events per each cognitive
code (Bakeman and Gottman 1986). However, this study collected nine CTA sessions which
failed to meet the statistical requirement for a significant test. Therefore, the researchers used
the descriptive approach that illustrates the before/after sketching activities by frequency
counts on the transition matrices and diagrams to show the general patterns of sketching
behaviours. For example, when student triads demonstrated a series of cognitive strategies
such as DE-AN-MO-DE-MO-DE-MO-DE-AN-MO-AN, the sequential analysis produced the
following transition frequency counts: AN→MO (2), DE→AN (2) , DE→MO (2), MO→AN
(1), and MO→DE (3) (e.g., repeating DE to MO three times). The transition frequency
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counts are displayed on the sequential transition matrix in Table 5 and sequential transition
diagram in Figure 7. To generate the transition frequency matrix, the researchers used
Generalized Sequential Querier (GSEQ) software version 5.1 (Bakeman and Quera 2015).
Table 5. An example of the transition frequency matrix
Initial
strategy

Response strategy
AN

AN

DE
0

DE

2

MO (Sketching)

1

3

Total

3

5

MO
(Sketching)
2

Total

2

4

2

4
4

11

Figure 7. An example of sequential transition diagram for sketching (MO)

Results
Research Question 1
How do sketching instructions influence the quality of children’s design sketches in
engineering design when assessed by conciseness, concreteness, accuracy, and practicality
criteria?
The researchers assessed the quality of the participants’ design sketches to identify the
influence of the different design instructions. Two judges independently assessed the 27
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sketches produced during the nine CTA sessions using the design quality rubric. The results
are displayed as the average scores per criterion in Table 6.
Table 6. Design sketch quality scores
Group
Schematic
2D Layout
Control

Conciseness
4.00
3.67
2.33

Concreteness
3.42
3.33
2.70

Accuracy
3.92
3.58
2.50

Practicality
3.50
3.25
2.40

Average
3.62
3.32
2.44

The results indicate that the Schematic group scored the highest overall (M = 3.62), the 2D
Layout group scored 3.32, and the control group scored 2.44 based upon the four sketching
rubric assessment categories of conciseness, concreteness, accuracy, and practicality.

Participants’ design sketch quality
Conciseness: This criterion prioritizes the concision and economy of drawing, which
facilitates clear and effective design communication. Table 7 shows the test comparison using
Kruskal-Wallis test that there exists a significant difference between groups (H = 11.91, p <
0.01). The results imply that the different sketching instructions yielded different conciseness
quality scores. For example, Figure 8 is an example of the Schematic group’s sketches that
showed an effective use of symbols and annotations. The sketch shows a list of the symbols
used in their circuit design sketch. Meanwhile, the 2D Layout group scored 3.67, which
indicates their drawing contains important design ideas, but requires effort to understand. The
example of 2D Layout group’s design sketch in Figure 9 focused on the circuit design but did
not feature 3-dimensional modeling. The control group sketch in Figure 10 included some
unnecessary graphic entities (e.g., a fence, a rocket-shaped house, and a dog). These sketches
were unrelated to the design criteria and occupied a large portion of the paper which led to
draw a circuit very small. The conciseness analysis shows that the Schematic and 2D Layout
strategies helped students to focus on expressing their design ideas rather than drawing
unnecessary graphic entities.
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Table 7. Conciseness comparison and Kruskal-Wallis test result
Group
Schematic
2D Layout
Control
* p< 0.05, **p < 0.01

N
6
6
15

Median
4
4
2

Mean
4
3.67
2.33

SD
0.84
0.61
1.06

Kruskal-Wallis Test
H = 11.91, df = 2,
p-value = 0.003**

Concreteness: The comparison of concreteness and Kruskal-Wallis test statistic showed there
is no significant difference between the three groups. However, Table 8 shows some degrees
of score differences that Schematic group scored 3.42 and 2D Layout was 3.33 while Control
was 2.70. The Schematic group’s sketch in Figure 8 contains many construction details, such
as the location of tape and circuit elements. The use of schematic symbols allowed the group
to incorporate these construction details. The 2D Layout group’s sketch in Figure 9 shows
rougher design ideas and construction details. However, the control group’s sketch was
comprising of limited annotations of circuit entities and failed to show the details of the idea
implementation.
Table 8. Concreteness comparison and Kruskal-Wallis test result
Group
Schematic
2D Layout
Control
* p< 0.05, **p < 0.01

N
6
6
15

Median
3.5
3.5
2.5

Mean
3.42
3.33
2.70

SD
0.67
1.03
1.18

Kruskal-Wallis Test
H = 2.38, df = 2,
p-value = 0.304

Accuracy: The accuracy of the sketches was assessed by the design brief’s criteria and
constraints. Table 9 illustrates that the group comparison yielded a significant difference at
the 0.05 level (H = 8.25, p < 0.05). The Schematic group’s sketch in Figure 8 clearly displays
a closed-circuit with a switching circuit mechanism and fully addressed the specific design
brief criteria. Though the 2D Layout sketch in Figure 9 shows some limited accuracy to
explain how the circuit works as intended, but the 2D layout template on the figure guided a
stable description for the design. However, the control group’s sketch in Figure 10 included
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neither the full circuit elements nor the switching mechanism for opening and closing the
circuit.
Table 9. Accuracy comparison and Kruskal-Wallis test result
Group
Schematic
2D Layout
Control
* p< 0.05, **p < 0.01

N
6
6
15

Median
4
3.5
2.5

Mean
3.92
3.58
2.50

SD
1.02
0.92
1.07

Kruskal-Wallis Test
H = 8.25, df = 2,
p-value = 0.016*

Practicality: Practicality was assessed by considering the plausibility of the design ideas. The
statistical test failed to provide enough evidence that there is a difference between groups, but
the score comparison in Table 10 shows a difference between Control and other two groups.
Schematic and 2D Layout groups scored averages of 3.50 and 3.25, respectively, while
Control was 2.40. The Schematic group’s sketch in Figure 8 featured a materials list and a
detailed description of the construction which can be used to make a prototype of the design.
Meanwhile, the control group’s sketch in Figure 10 does not contain any considerations for
prototype, materials, or tools.
Table 10. Practicality comparison and Kruskal-Wallis test result
Group
Schematic
2D Layout
Control
* p< 0.05, **p < 0.01

N
6
6
15

Median
3.5
3.5
2.5

Mean
3.50
3.25
2.40

SD
0.63
0.99
1.06

Kruskal-Wallis Test
H = 5.50, df = 2,
p-value = 0.063
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Transcribe from above
We will have a wire with a type of metal
hanging down when the door is opened. There
will be a wire sticking through a hole that can
adjust to the hole of the door. A wire will be
attached to the metal that then touches the
wire to complete the circuit.

Figure 8. Schematic group sketching example

Figure 9. 2D group sketching layout example
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Figure 10. Control group sketching example

In-depth review of participants’ sketches
Schematic Group: Figure 8 illustrates the use of a key that contains the learned schematic
symbols and student-created symbols for prototyping materials (tape). This sketch also
includes annotations and arrows that illustrate the flow of electrons. The sketch key, as well
as the text summary of the design team notes, illustrates that the students were able to address
the client’s needs. The student notes on the bottom-right of Figure 8 articulate how to make
alarm adjustments by changing the length of the wire based on the swing arch of the door, a
detail that illustrates advanced design thinking. Moreover, the design sketch features arrows
to signal the correct flow of electrons, indicating that these students understood the main
science concepts of the electrical circuit layout and design.
2D Layout Group: Figure 9 shows the use of a 2-D layout approach to conceptualizing the
various planes of the classroom: ceiling, floor, and walls. The sketch includes a parts list and
some basic use of symbols (non-electrical schematic symbols). The 2 D approach saved
students’ cognitive overload that can be happened while considering the 3D sketching as well
as the circuit design. However, this team did not illustrate the details of the open- nor closed-
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circuit design configuration. The overall design did feature a completed circuit, but the team
did not work out the necessary details.
Control Group: Figure 10 illustrates a design sketch that requires significant effort to
interpret and understand. At first glance, one might think these designers were creating a
model rocket for a dog. The sketch features the exterior of a house with a gable roof and
backyard fence. There are annotations, identified parts, and a closed circuit, but schematic
symbols and text describing the construction details are missing. This lack of detail limits the
effectiveness of this design sketch. Accordingly, this group’s sketches contain additional
irrelevant graphics, such as people, word clouds, and other unnecessary elements.

Research Question 2
How do sketching instructions relate to children design team’s cognitive strategies in
engineering design?
To identify how the sketching instructions impacted participants’ cognitive strategies, the
researchers analysed the CTA sessions using seven of Halfin’s codes and displayed the
durations of each cognitive activity in Table 11 and Figure 11. The results show that the three
groups used dissimilar cognitive strategies while solving the given design problem. The
Schematic group spent an average of 20:30.1 on the task where 22% was used for modelling
(t(MO) = 6:56.8) and 44% for designing (t(DE) = 7:58.5). The 2D Layout group spent an
average of 26:05.1 on the task in which the students spent 29% on designing (t(DE) = 9:28.4)
and 35% for modelling (t(MO) = 7:02.0), the latter of which was considerably less than other
two groups. Interestingly, the 2D Layout group spent 7% of their time on predicting (t(PR) =
2:33.3) and 3% questioning (t(QH) = 1:06.7) which are higher than other two groups. This
indicates that the 2-D layout group relatively spent more time on design inquiry (questioning)
and predictions for the consequence results while designing. Meanwhile, the control group
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spent 12:21.3 with 33% of designing (t(DE) = 3:59.1) and 18% on modelling (t(MO) =
2:07.6), which indicates that the control group had limited use of modelling (sketching)
strategies compared to the other two groups. The results imply that when students were
instructed with schematic symbols or 2D layout template as a way of design strategy, they
tended to show high concentration on modeling (sketching).
Table 11. Comparison of CTA cognitive strategies following different design teaching
instructions
Average Time
Cognitive
Code
Strategy
Schematic
2D Layout
Control
AN
DE
DF
MA
MO
PR
QH

Analyzing
Designing
Defining problems
Managing
Modeling (sketching)
Predicting
Questioning

00:59.9
07:58.5
01:45.5
01:17.0
06:56.8
00:52.4
00:39.9

02:07.1
09:28.4
01:51.7
01:55.9
07:02.0
02:33.3
01:06.7

03:32.1
03:59.1
01:30.3
00:19.3
02:07.6
00:24.4
00:28.5

Total

20:30.1

26:05.1

12:21.3

Time format: minutes:seconds.miliseconds

Schematic Group

2D Layout Group
PR:
7%

PR: QH: AN:
4% 2% 8%

QH:
3%

AN:
11%

MO:
22%

MA:
6%

DE:
29%

MO:
35%

DE:
44%
DF:
14%

MA:
7%

Control Group

DF:
8%
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PR: QH:
3% 4%

AN:
27%

MO:
18%
MA:
3%
DF:
12%

DE:
33%

Figure 11. A comparison of mean percentages of cognitive by sketching instructions

Sequential analysis of sketching strategies
One of the primary questions the researcher interested was when and how students used
sketching and its relationship with other cognitive strategies. From the coded data set, the
researchers extracted the sequences of cognitive strategies and pooled by the three groups.
The GSEQ software (Bakeman and Quera 2015) processed the sequential data and produced
the transition matrices in Tables 12, 13, and 14. The transition matrices illustrate which
cognitive strategies occurred before and after the sketching strategy with frequency counts.
The researchers highlighted the row and column of sketching strategies in those tables to
focus on the interactions of sketching with other strategies. Additionally, Figures 12, 13, 14
are drawn by the researchers to visualize the cognitive interactions of sketching.
Table 12 shows that the Schematic groups used a total of 128 cognitive strategies, and
sketching happened 33 times. The DE-MO crossing cell and the DE row total indicates that
the transitions from designing (DE) to modeling (MO) occurred 24 of 46 times in the
designing total. Likewise, the MO-DE crossing cell indicates that 20 of 33 modeling
strategies moved to designing. The results imply that Schematic groups primarily utilized the
sketching strategy with ideation strategy (designing, DE). Additionally, the Schematic groups
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conducted additional iterations between sketching and questioning than the control group.
Questioning (QH) is a key design thinking strategy that allows designers to work out the
design details, understand the problem, critique proposed ideas, and seek clarification (Dym
et al. 2005). This finding illustrates that the Schematic design team members frequently
generated questions before and after CTA sketching behaviours. Moreover, the Schematic
group showed some iterations between sketching (MO) and managing (MA) (f(MA→MO) =
4, f(MO→MA) = 7). The sketching-managing conjunct indicates that sketching occurred
before and after the processes of planning, organizing, directing, and coordinating the design
implementation. These results indicate that the Schematic groups engaged in collaborative
sketching and design teamwork, which led to better design solutions and overall
demonstration of learning science concepts, in this case, electricity concepts and simple
circuit design.
Table 12. Schematic group’s transition frequency matrix
Initial
Response strategy
strategy
AN
DE
DF
MA
MO
(sketching)
AN

4

PR

QH

Totals

2

0

0

1

0

7

1

8

24

4

5

46

1

0

0

0

5

4

1

2

16

1

5

33

0

9

DE

4

DF

2

2

MA

0

9

0

MO (sketching)

0

20

0

7

ePR

2

6

0

0

1

QH

0

5

0

1

4

2

Totals

8

46

3

17

33

9

12
12

128
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Figure 12. Schematic group's transition diagram
The 2D Layout group conducted a total of 194 transitions, the most design iterations of the
three groups (see Table 13). Figure 13 illustrates the transition diagram centered on the
modeling strategy (sketching). The 2D Layout group’s iterations utilized designing as the
most closely related strategy to sketching. The data shows that 28 of 72 designing strategies
resulted to designing (f(DE→MO) = 28), and 24 of 38 sketching instances lead to designing
(f(MO→DE) = 24). Additionally, the data indicates that the percentage of modeling to
designing transitions (MO→DE) was 63% (24 / 38) which explains that 63% of sketching led
to designing strategies.
Table 13. 2D Layout group’s transition frequency matrix
Initial
strategy

Response strategy
AN

AN

DE

DF

MA

MO
(sketching)

PR

QH

Totals

5

1

1

2

2

0

11

3

11

28

16

10

72

0

2

0

0

6

2

1

4

19

1

6

38

6

22

DE

4

DF

2

2

MA

1

11

0

MO (sketching)

2

24

0

5

PR

0

14

0

1

1

QH

2

17

0

1

4

2

Totals

11

73

4

19

39

22

26
26

194
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Figure 13. 2D Layout group's transition diagram
Unlike the above two groups’ transitions, the control group less used the modeling strategy
with 24 times of 161 total while designing was 55 and analysing was 47 (See Table 14 and
Figure 14). Among the 24 modeling-initiated transitions, 20 times were preceded by
designing (f(DE→MO) = 20) and 14 times went to designing. The control groups remarkably
showed a high number of problem identification strategies as such analysing (f(AN) = 47)
and defining problem (f(DF)) = 7.
Table 14. Control group’s transition frequency matrix
Initial
strategy

Response strategy
AN

AN

DE

DF

MA

MO
(sketching)

PR

QH

Totals

30

2

1

3

2

9

47

0

0

20

2

10

55

1

1

0

0

7

1

0

1

4

1

0

24

0

5

DE

23

DF

3

2

MA

0

2

0

MO (sketching)

8

14

1

0

PR

2

1

0

2

0

QH

12

6

0

1

0

0

Totals

48

55

3

5

25

5

19
20

161
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Figure 14. Control group's transition diagram
Conclusion
Upon the review of the results, the researchers can conclude that providing advanced
sketching strategies help generating high-quality design sketches with high emphasis on
designing concentration. The study found that the Schematic instruction was the best to
produce high-quality design sketches among the three research groups. The Schematic group
sketches display a concise circuit design using keys and symbols. When instructing the
special sketching lesson to the Schematic group, the researchers emphasized that design
sketches do not necessarily have to be artistic or ambitious (Hope 2000; Kelley 2011; Welch,
Barlex, and Lim 2000). Kelley (2017) suggested that teaching sketching techniques helps
dispel a widespread myth that in order to be an effective designer, a student must be artistic.
To highlight the effective use of schematic symbols, students should realize that sketching is
not only a form of communication but also a process of idea generation, which is an authentic
practice of professional engineers and designers. This result implies that teaching sketching
techniques helped students generate fluent ideas as well as high-quality design outcomes
(Lane, Seery, and Gordon 2009; Suwa, Purcell and Gero 1998; Williams 2000).
Additionally, the researchers found that the 2D Layout group also gained high scores in the
quality assessment with an average of 3.32. The purpose of presenting the 2D layout template
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to students was to reduce their cognitive overload in drawing the 3D shape of house and door
design. The 2D layout strategy helped to increase the concreteness, accuracy, and practicality
scores of the design sketches. The 2D layout template may have helped students
conceptualize a 3D object as a 2D layout; it yielded moderate higher scores compared to the
control group.
To answer the second research question—How do sketching instructions relate to children’s
cognitive strategies during the design process? —, the researchers collected and analyzed the
CTA sessions. Due to the limited sample size and the elusive nature of humans, the
researchers failed to detect significant patterns associated with sketching from the sequential
analysis. However, Table 11 showed that the Schematic and 2D Layout groups’ time
dedication on modeling (sketching) was significantly different from the control. Accordingly,
the sequential matrices show different patterns of modeling frequencies and transitions. The
Schematic and 2D Layout groups showed balanced associations of modeling with problem
and solution-oriented strategies (Jonassen 2000). Before and after the sketching strategies, the
Schematic and 2D Layout groups used more solution-oriented strategies such as designing,
predicting, and questioning while the control group used more time and transitions to
problem-oriented strategies like analysing and defining a problem. This result may
correspond with Goldschmidt’s finding (1991) that effective designing is having balanced
oscillations between seeing and being designed.

Implications and limitations
Implications
The results from three case observations serve to demonstrate the power of sketching for
young designers. Students who received advanced sketching instructions such as the strategic
use of sketching and 2D layout models were better able to generate and communicate designs
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to their teammates. In cognitive science, it appears that teaching young students to use
symbols in their sketching is effective for cognitive development, particularly at the schema
phase of cognitive development (Lowenfeld 1964). The original version of the rubric used in
this study contained a criterion for aesthetic design. However, the researchers reached a
consensus that measuring the aesthetic aspect of sketches for young learners may not be
beneficial for the development of an effective design strategy. The researchers espouse that
design sketches do not have to be pretty. Constable (1994) noted that young children were
prone to an artistic drawing, also called the ‘pretty picture syndrome’ In fact, it was
altogether unnecessary to add elements to the sketch to make it more ‘picture like’; these
elements were distractions and hindered the effectiveness of the design team (Hope 2008;
Kelley and Sung 2017b; Welch, Barlex, and Lim 2000).
Goldschmidt (1991) argued that professional designers draw sketches not only to record
design ideas but also to promote the mode of visual thinking. In terms of the young children’s
cognitive development, teaching the effective use of sketching might play a significant role in
fostering imaginary thinking. Many researchers have argued that the use of CAD and other
computer-assisted design technologies help to generate clear design solutions (Henderson
1991; Goldschmidt 2014). However, this study showed that instructing effective sketching
strategies not only helped to create better design solutions but also facilitated fluent design
iterations. This finding offers the argument that elementary students’ strategic sketching
skills promoted constructive design activities, which are supported by the high concentrations
of solution-oriented strategies in the two treatment groups. The researchers encourage K-12
science and engineering education curricula that incorporates freehand sketching techniques,
particularly for younger grade students. This study also confirmed that 2D layout instruction
helped students to overcome the potential cognitive overload of multi-dimensional thinking.
The researchers observed when teaching engineering design to young students; they were
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often challenged with illustrating their mental ideas into a visual form because of the lack of
3D drawing skills. These research findings support that sketching instruction for young
students should focus on eliminating cognitive overload and barriers in sketching as a tool for
engaging the mind and hand.
Given that science education reform suggests engineering design as a platform for improving
K-12 science education (NGSS Lead States 2013; NRC 2012), science educators must
carefully consider how students learn engineering design and engage students in authentic
engineering practices, such as design sketching. As these science educators seek to find new
ways to assess student understanding of science concepts, educators should consider design
sketching as a form of assessment. For example, in the case of the Door Alarm lesson, the
researchers were able to assess students’ science conceptual understanding of electrical
circuitry. The researchers reviewing the students’ sketches were able to assess students’
understanding of open- and closed-circuits if they understood what components were
necessary to complete a circuit. Additionally, regarding the curriculum of electricity, electron
flow, and simple circuit design, students design sketches became the products for assessment.
In the case of the Schematic group, the researchers could accurately assess that students
understood the science concepts based on their illustrations of the electron flow pathway and
authentic industry schematic symbols. Evaluating student design sketching offers an
authentic assessment practice. Design sketches can distinguish students who understand the
science content from those who lack such understanding. The close examination on students’
sketching could be an alternative evaluation approach that accurately assesses students’
understanding of the engineering concepts. Science and engineering educators should
consider informing design sketching to ensure that students learn science content via
engineering design. Sketching can provide a bridge between conceptual thoughts and
graphical design expressions, which can alleviate cognitive demands.
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Limitations
This research study had a few limitations that should be considered regarding its
generalization to other educational settings. The design task used in the CTA session was the
transfer problem, which has a similar learning content and different problem context. This
research setting was designed to measure how the sampled participants utilized cognitive
strategies while solving the given problem. Even though this research setting allowed
researchers to investigate participants’ in-depth cognitions, the small sample size limit its
generalizability to the population. Moreover, the design task used in the CTA session limited
the problem-solving to the conceptual design stage. The conceptual design was limited to
defining the problem, generating design ideas, and assessing the possible outcomes of the
design solution. Therefore, the cognitive strategy used in this study did not include the design
cognitions associated with the actual prototyping of the design solution. In addition, this
study did not show the detailed processes of students’ drawings.
Another limitation of this study was that the sketching quality measure was limited to this
research study. The researchers collaboratively designed the sketching quality rubric to assess
the SLED students’ sketches. The development of the rubric involved multiple researchers
and referenced various research sources relevant to engineering and design education
(Goldschmidt & Smolkov, 2006; Hope, 2008; Kelley, 2011), but may not be useful to
measure sketches performed in different learning contexts. Lastly, the researchers
participated in this study as the sketch evaluators. To avoid the potential bias, the researchers
rearranged the students’ work in random order and conducted blind scoring.
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Appendixes
A. Design Task: Designing a Door Alarm

Someone has been sneaking into your classroom when the class has been at art. Your teacher
needs help designing an electric door alarm prototype with an open and closed circuit. This
alarm should make noise when the door is opened and turn off when the door is closed.

Criteria
•

The door alarm should ring when the door is opened.

•

The door alarm should turn off after the door is closed.

•

The alarm should sound even when the door is slightly opened.

Constraints
•

Only use the materials provided.

•

There is no lock on the door.

•

The door only opens into the room.

Designed by Venkatesh Merwade, Brad Harriger, David Eichinger, and Erin Doherty (2013)
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B. Doggie Door Alarm

The Problem
Your grandma’s dog Rex uses his doggie door often, and she wants to know when Rex is
going outside. Grandma isn’t always in the room when the door is used. She wants some kind
of alarm to signal when the door is opened. You remember what you learned in the Door
Alarm lesson, and you want to help design a doggie door alarm for her.
Criteria
•

The door alarm should buzz when the door is opened.

•

The door alarm should turn off after the door is closed.

•

The alarm should sound even when the door is slightly opened.

Constraints
•

Must use an alarm buzzer, switch, wire, and batteries.

•

Any other materials found in the classroom can be used.

•

There is no lock on the door.

•

The door only opens in one direction.

Designed by Kelley and Kaluf (2013)
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